Abstract The vanadium-Schiff base complex was immobilized on mesoporous MCM-41 by a covalent grafting method using 3-aminopropyltriethoxysilane as a reactive surface modifier. The formation and integrity of the complex have been studied using XRD, FT-IR, UV-Vis, ESR, 29 Si-MAS-NMR and N 2 adsorption-desorption. The heterogeneous VO(Schiff)-MCM catalyst shows an activity and an enantioselectivity comparable to those obtained with the homogeneous catalyst VO(Schiff), for the asymmetric oxidation of methyl phenyl sulfide. The combination of the heterogenous catalyst with CHP as oxidant offers a selective catalytic system for oxidation of methyl phenyl sulfide with a significant enantioselectivity in the range of 17-23 % ee. In addition, the heterogeneized catalyst could be easily separated from the products and reused.
Introduction
Chiral Schiff base transition metal complexes have become a matter of current interest [1, 2] because of their wide applications as chiral catalysts in a large variety of asymmetric transformations such as asymmetric epoxidation [3] , cyclopropanation [4] , selective hydrogenation [5] and enantioselective oxidation of sulfides [6] , under homogenous conditions. Due to the advantages of heterogeneous catalysis systems, namely easy catalyst/product separation and simple catalyst recycling, the heterogeneisation of these homogeneous chiral catalysts onto several insoluble supports has received great attention in recent years. Vanadium (IV)-Schiff base complex has proved to be one of the most efficient catalysts, mainly, for the asymmetric oxidation of sulfide to sulfoxide [7, 8] . But papers that have appeared on the heterogeneisation of Vanadium (IV)-Schiff base complex onto inorganic support have been rather scarce. In the present study, we describe the preparation and characterization of Vanadium (IV)-Schiff base complex immobilized onto a mesoporous silica support MCM-41 which is one of the most promising supports for the immobilization of homogeneous catalysts for chiral syntheses, since it has tailored properties, such as large surface area and uniform pore size distribution [9] . This catalytic system was studied in the asymmetric oxidation of methyl phenyl sulfide, using aqueous hydrogen peroxide and alkyl hydroperoxides (cumene and tert-butyl hydroperoxides, CHP and TBHP) in organic medium as oxidizing agents.
Experimental

Characterization methods
The XRD patterns were recorded on a Philips PW 1130/00/ 60 diffractometer using Ni-filtred Cu K a radiation and a Siemens goniometer. FT-IR spectra were obtained on the Bruker Vector (100 mg of KBr was weighed with 1-2 mg of the corresponding solid and the final mixture was converted into transparent disk). UV-visible reflectance spectra were obtained at room temperature by means of a Perkin-Elmer Lamda 8 spectrometer using BaSO4 as reference. 29 Si MASNMR was recorded on a Bruker MSL 400 spectrometer. N 2 adsorption-desorption isotherms were determined at 77K on Micrometrics ASAP 2000 apparatus using nitrogen as the adsorbent (the different samples were degassed at 120°C with a heating rate of 3°C/min under a vacuum (5 mmHg) for 8 h before the nitrogen-adsorption measurements). The pore size distribution curve came from the analysis of the desorption branch of the isotherm by the BJH (Barrett-Joyner-Halenda) method. ESR spectrum was recorded with a Bruker ER 200tt spectrometer at 77 K. Elemental analysis (C, H, N) of organic compounds were carried out on a perkin-Elmer analyser. Vanadium loading was measured by atomic absorption spectrometry on a Perkin-Elmer 3100 apparatus, after sample dissolution through acid attack.
Catalytic test
The catalytic properties of catalysts were tested in asymmetric oxidation of sulfide to sulfoxide, which was performed by stirring the catalyst (A quantity containing 0.05 mmol as V) in the presence of sulfide (methyl phenyl sulfide, 1 mmol, Aldrich) in dry solvent (5 ml) under inert atmosphere, followed by the dropwise addition (for a period of 10 min) of 2 mmol of oxidant (tert-butyl hydroperoxide solution (TBHP, 5.0-6.0 M in decane), cumene hydroperoxide (CHP, 80 %, Aldrich), H 2 O 2 (33 wt% H 2 O 2 aq). In order to remove the solvent, the final mixture was concentrated by rotary evaporation in vacuum. The viscous liquid is kept in bottles under an inert gas and were dried at ambient temperature under reduced pressure (approximately equal to 20 mmHg) for one night. The obtained compounds were monitored by GC-FID analysis on a TRACE GC Ultra, using helium carrier gas, equipped with SPB TM -5 Capillary column (30 m 9 0.25 mm 9 0.25 lm film thickness). The enantiomeric excess was determined with pure sulfoxide by 1 H-NMR (300 MHz) in the presence of one equivalent of chiral shift reagent (S)-N-(3,5dinitrobenzoyl)-a-phenylamine in CDCl 3 [10] .
Synthesis
Vanadium (IV)-Schiff base complex (VO(Schiff)) was immobilized onto a mesoporous silica MCM-41 by multigrafting method according to the procedure shown in Scheme 1. In addition, the homogenous Vanadium (IV)-Schiff base complex (VO(Schiff)) of the similar structure to the immobilized one was synthesized and used as a reference to prove the complex immobilization. The synthetic procedure for homogeneous complex is also shown in Scheme 2.
Synthesis of MCM-41 as support
The synthesis method of MCM-41 used in this work was described elsewhere [11] . Typically, MCM-41 was prepared as follows: tetraethylorthosilicate (TEOS) was added to the mixture of cetyltrimethylammonium bromide (C 16 2 O. The solution was stirred at 30°C for 1 h. The mixture was then transferred in a polypropylene bottle and heated at 100°C for 72 h. After cooling, the solid was collected by filtration and washed repeatedly with ionized water. The sample was dried at 50°C for 24 h. In order to remove the organic surfactant in the pores of MCM-41, the as-synthesized samples were calcined in air at 550°C for 6 h, using a heating rate of 1°C/min.
Immobilization of Vanadium-Schiff base complex on MCM-41
A suspension of 3-aminopropyltriethoxysilane (2 mmol) and 2 g of silica gel in 15 ml of toluene was heated under reflux with stirring in nitrogen atmosphere. After heating for 24 h, the powder sample was filtered and washed with diethylether. The solid 3 was dried under vacuum at 40°C under reduced pressure (&20 mmHg) for 48 h. The density of aminopropyl groups anchored in the silica was estimated from combustion chemical analysis with 0.95 mmol of 2 was immobilized on 1 g of 1. The diformylphenol (2,6-diformyl-4-tert-butylphenol) was reacted with the previously obtained 3-aminopropyl silylfunctionalised silica with an excess amount in a refluxing ethanol solution for 10 h. One aldehyde group in the diformylphenol derivative reacts with the amino group of 3-aminopropylsilane immobilized on silica. After cooling, the powder was collected by filtration, washed with diethylether and methanol. The condensation of remaining aldehyde group with the excess corresponding (R)-(-)-2-Amino-2-phenylethanol in a refluxing ethanol has resulted in the formation of salen schiff base complex on silica as shown in Scheme 1. The vanadium-Schiff base complex immobilized on silica was accomplished through the synthetic sequence given in Scheme 1 as follows: the immobilized Schiff base ligand 7 was reacted with 2.0 equivalent of (CH 3 COO -, Na ? ) under reflux for 30 min using ethanol/water as solvent. 1.0 equivalent of VOSO 4 9 H 2 O was added to the resulting solution. The final mixture was refluxed again for 5 h. After cooling, the heterogeneous Vanadium-Schiff base complex 9 was recovered by filtration, washed several times with water and ethanol and dried under vacuum at 40°C under reduced pressure (&20 mmHg) for 48 h to give a green solid. The vanadium content in the heterogeneous Vanadium-Schiff base complex was estimated to be 4.5 wt% by atomic absorption spectrometry.
Synthesis of homogeneous VO(Schiff) complex
The homogeneous Schiff base ligand was synthesized by condensation reaction between 2,4-di-tert-butyl salicylaldehyde (469 mg, 2 mmol) and (R)-(-)-2-Amino-2-phenylethanol (274 mg, 2 mmol) in a 1:1 molar ratio in ethanol as solvent. The mixture was heated to reflux with stirring under nitrogen atmosphere for 24 h. Short column purification and drying in high vacuum gave the pure products as the yellow amorphous syrup (yield 70 %). As is shown in Scheme 2, the synthesis of homogeneous VO(Schiff) complex 12 was carried out using a solution of VOSO 4 , xH 2 O as precursor: 1 mmol (82 mg) of sodium acetate was added to a hot ethanol solution containing 1 mmol of Schiff base ligand. The total mixture was heated to reflux with stirring. After 30 min, a solution of hydrate oxovanadium (IV) sulphate (VOSO 4 
Schiff-MCM ( (163 mg) dissolved in 10 ml of distilled water) was added. A green precipitate was formed almost immediately; the mixture was refluxed with stirring for 6 h. After that, the green mixture was cooled slowly to room temperature and held at 0°C for 12 h. The resulting precipitate was collected by filtration, washed twice with 20 ml of distilled water and twice with 10 ml of ethanol and dried over silica in a desiccator in vacuum at room temperature for 72 h to give a green compound insoluble in water (yield 80 %). 3 Results and discussion
Homogenous catalyst characterization
The IR spectra of the free ligand and the VO(Schiff) complex present various bands in the region 400-4000 cm -1 (Fig. 1) . The O-H stretching frequency of the free ligand is expected as a large band in the region 3300-3800 cm -1 . However, the O-H stretching frequency is shifted to the region between around 2500-2600 cm -1 due to the internal hydrogen bridge OH-N=C [12, 13] . The C=N stretching frequency at 1620 cm -1 is in the region 1590-1640 cm -1 reported for similar ligands [14, 15] . The C-N stretching frequency is reported in the region 1350-1410 cm -1 [16] . For the free ligand, this band was observed as a medium band at 1395 cm -1 . A fourth characteristic band due to the C=C stretching frequency appears as a shoulder-type peak at 1600 cm -1
. The characteristic V=O stretching frequency in the VO(Schiff) complex appears at 980 cm -1 , within the range 970-997 cm -1 reported for similar oxovanadium (IV) complexes [17, 18] . The large band corresponds to O-H stretching of the free ligand is absent, as expected, in the spectrum of the coordinated ligand, confirming the assignment to a hydrogen bridge. On coordination of the Schiff base ligand, the C=N stretching frequency is shifted to lower frequency, 1535 cm -1 , indicating a decrease in the C=N bond order due to coordination of vanadium with azomethine nitrogen lone pair. This effect is supported by the presence of a new absorption peak at 570 cm -1 attributed to the V-N stretching frequency, which was not found in the spectrum of the free ligand [17] [18] [19] [20] . The broad absorption band centered at 3440 cm -1 is attributable to the band O-H stretching vibrations and the weak band near 1620 cm -1 is assigned to H-O-H bending vibrations mode were also presented due to the adsorption of water in air when FT-IR sample disks were prepared in an open air.
Heterogenous catalyst characterization
The low-angle XRD patterns of the treated MCM-41 and the corresponding pure silica MCM-41 are shown in Fig. 2 . The XRD pattern of the untreated MCM-41 exhibits a high intensity (100) and two low intensity reflections (110) and (200) which are characteristic of the hexagonal mesoporous MCM41 [21] .
It is observed that on functionlization with 3-aminopropyltriethoxysilane, the intensities of all of the peaks decrease with a little schift toward lower 2h values, in agreement with the occurrence of silylation inside the mesopores of MCM-41 (Fig. 1b) . This effect is more pronouced in mesoporous support with grafted VO(Schiff) complex. In fact, the intensities of all of the peaks decrease much more due to the larger volume of VO(Schiff) complex. These observations are supported by the drop in the pore volume and the surface area (Table 1) . However, it may be concluded that the mesoporous support retains its periodic structure but with a loss of the long-range regularity of the hexagonal arrays of mesopores.
The N2 adsorption-desorption isotherms and the corresponding BJH pore size distributions based on the desorption branch for the MCM-41 samples are shown in Figs. 3 and 4 , respectively. The nitrogen isotherm of the untreated MCM-41 sample follows the type-IV isotherm and shows a sharp capillary condensation step at a relative pressure between 0.2 and 0.4 [22] , indicating a typical mesoporous structure with uniform pores. Compared to the untreated MCM-41 sample, the sharp capillary condensation step in the case of treated MCM-41 samples shifts toward lower p/p0 region. This suggests that the introduction of VO(Schiff) into the channel causes changes in the pore structure of the support during the grafting process. A large decrease in BET surface area was observed on functionalization of modified silica, with a reduction in the pore diameter and pore volume, suggesting that VO(Schiff) complex is present inside the pores of the support material.
The multi-step grafting method used to immobilize the unsymmetrical chiral complex onto silica was assessed by IR. Compared to pure silica, the aminopropylsilyl- functionalized silica (Fig. 5, curve b) gives a new band at 1566 cm -1 which can be attributed to the deformation vibration of N-H band of the amine group with three C-H stretchings at 2970, 2900 and 2856 cm -1 due to the alkyl groups (aminopropyl group). This functionalization with aminopropyl group can be also monitored by means of 29 SiMAS NMR spectroscopy. The spectrum of pure silica MCM-41 (Fig. 6 a) shows broad resonance peaks from -90 to -115 ppm, indicative for a range of Si-O-Si bond angles and the bands are centered at -90, -100 and -110 ppm assigned to Q 2 [germinal silanol (SiO) 2 [siloxane, (SiO) 4 Si] sites of the silica framework, respectively. In general, the Q 3 sites are associated with isolated Si-OH groups, which may be free or hydrogen bonded, while the Q 2 sites correspond to geminal silandiols. After aminofunctionalization (Fig. 6b) [23] . The reaction of 2,6-diformyl-4-tert-butylphenol with 3-aminopropylsilyl-functionalized silica (Fig. 7, curve b) shows the disappearance of the band at 1566 cm -1 indicating the condensation of the amino group with one aldehyde group in 2,6-diformyl-4-tert-butylphenol to give a new band at 1633 cm -1 assigned to the stretching vibration of the C=N bond (imine bond). Two other new bands appear at 1676 and 1600 cm -1 which are due to the remaining aldehyde C=O group and the stretching vibration of C=C bonds of the phenyl ring, respectively. The presence of the Schiff base ligand anchored on silica can be shown (Fig. 7, curve c) by the disappearance of the band at 1676 cm -1 and the increase of the intensity of the band assigned to the stretching vibration of the C=N bond, due to the subsequent condensation of the remaining aldehyde C=O group with amino group in the (R)-(-)-2-Amino-2-phenylethanol chiral auxiliary.
The comparison of the spectra of the free Schiff base ligand and sample 7 (Schiff-MCM) showed evidence of the immobilization of the Schiff base ligand over the support (Fig. 7, curves c, d ), since the two most characteristic bands of the free Schiff base ligand appeared in the spectrum of silica supported chiral Schiff base ligand. The band at 1633 cm -1 is attributed to the stretching vibrations of C=N and a shoulder-type peak at 1600 cm -1 assigned to C=C.
On coordination of the immobilized chiral salen ligand to the vanadyl group, the characteristic bands of the metal salen complex appearing at 1535, 980 and 561 cm -1 are assigned to the stretching frequency of C=N, V=O and V-N bands, in order (Fig. 8) . These bands are absent in the free and immobilized chiral Schiff base ligand (Fig. 8 , curve c) but can be clearly observed for the VO(Schiff) complexe either free (Fig. 8, curve a) or anchored on the silica (Fig. 8, curve b) .
The intense and broad hydroxyl band at *3340 cm -1 of all silica samples is attributed to the O-H stretching vibrations of hydrogen bonded hydroxyl groups of absorbed water. A small peak at 1633 cm -1 appears as a small peak in broader band at 1600-1650 cm -1 is assigned to H-O-H bending vibrations mode of water.
The solid reflectance UV-Vis spectrum (Fig. 9 ) also supported successful coordination of the immobilized salen ligand with the vanadyl group, since the spectrum of the VO(Schiff) complex supported on silica (curve b) is similar to that of the homogeneous complex (curve a). The spectrum of homogenous VO(Schiff) complex shows three bands (Fig. 9a) which could be the superposition of the charge-transfer transitions between the ligand and the central vanadium atoms [24] and n-p* and p-p* transitions in Schiff base ligand. These bands are present in the immobilized complex spectrum (Fig. 9b) but with a slight shift from 360, 389 and 410 nm to 368, 392 and 416 nm, in order. Moreover, the absorption band of C=N group appears in the range 360-370 nm reported for similar metal complexes [25] . In addition, a broad band at 630 nm attributed to V(IV) d-d transition [26] was also observed in the immobilized complex spectrum though with a lower resolution than for the transmission spectrum of molecular VO(Schiff) complex.
In order to gain insight into the location and the nature of the vanadium centres, ESR investigations have been undertaken. The VO(Schiff)-MCM shows the similar signal to that of the homogeneous complex (Fig. 10) , which is typical of V(IV) 3d 1 centres, with eight-line hyperfine patterns derived from the interaction of the free unpaired electron of V 4? and the nuclear magnetic moment of 51 V (I = 7/2). The spectrum is very similar to those obtained by Rigutto and al. [27] at 77 K, showing a monomeric vanadyl-like species, with g and A anisotropic tensor values (as deduced from the signal) that are characteristic of square pyramidal coordination with approximate axial symmetry. This helps to assume the donor group set like a phenolate oxygen,an imine nitrogen, an indanol oxygen of a tridentate ligand and an oxygen of solvent, which are coordinated to an oxovanadium(IV) species in VO(Schiff)-MCM complex. The spectra exhibit a well-resolved hyperfine structure, indicating a good dispersion of vanadium.
Catalytic activity
The above results and the usefulness of the optically active sulfoxides in the asymmetric synthesis of organic compounds prompted us to study the neat and the covalently anchored VO(Schiff) complex in asymmetric oxidation of methyl phenyl sulfide (Eq. 1). The chemical and optical yields of sulfoxide were compared under several reaction conditions ( Table 2 ). The asymmetric oxidation of methyl phenyl sulfide has been studied at a 2.0 oxidant/sulfide molar ratio. This showed that an increasing amount of oxidant improves the degree of enantiomeric excess significantly [28] . Asymmetric oxidation of methyl phenyl sulfide (Eq. 1)
As it can be observed in Table 2 , the use of the covalently anchored complex as catalyst shows, under the same reaction conditions (solvent, reaction temperature, etc.), a slight improvement in the sulfide conversion and mainly in enantiomeric excess compared to the neat VO(Salen) complex one (entries 1 and 4). This means that the support indeed affect the asymmetric induction for the asymmetric oxidation.
The asymmetric oxidation of methyl phenyl sulfide was investigated with several oxidants using VO(Schiff)-MCM as catalyst. The nature of the oxidant was found to have a remarkable effect on the catalytic activity of VO(Schiff)-MCM. In fact, H 2 O 2 gave a less important sulfide conversion and enantioselectivity than TBHP and CHP (entries 2, 3 and 4). This is surprising in view of the fact that H 2 O 2 is an active oxidant in the homogenous asymmetric sulfoxidation [7, 8] . Such a behaviour is probably attributed to the difference between the properties of active sites on the surface and in solution. According to the study realized by Basset et al. [29] in the epoxidation of allylic alcohols, this can be explained by the deactivation of the catalyst due to the inhibitory effect of H 2 O present in H 2 O 2 solution via its strong adsorption on the solid catalyst. 
However, CHP seems to be more active than TBHP in the asymmetric sulfoxidation (entries 3 and 4). This indicates that steric hindrance of the R group linked to -OOH function on the oxydant exhibit a considerable influence on the enantioselective catalytic activity of VO(Schiff)-MCM system. On the basis of this result, it is thought that the increase of the volume of this R group plays a positive effect on the enantioselectivity.
A number of research groups investigated the influence of temperature on the selectivity and enantioselectivity of the oxidation of sulfides in the presence of vanadium Schiff base ligand catalyst complex. Berkessel et al. [30] .observed an increase in enantioselectivity carrying out the oxidation at 273 K and Katsuki et al. [31] also reported similar results. In the present work and in order to study the effect of the reaction temperature on the chiral activity of VO(Schiff)-MCM in the asymmetric oxidation of tmethyl phenyl sulfide, the reaction was carried out at two others different temperatures; 273 and 263 K. The decrease of the reaction temperature from 298 to 273 K (entry5) results in a decrease in the sulfide conversion and in the sulfoxide selectivity. This can be explained by the decrease of the oxidation reaction rate of sulfide to sulfoxide at low reaction temperature. However, a slight increase of the enantiomeric excess was observed from 17 % at 298 K to 23 % at 273 K.
Decreasing more the reaction temperature from 273 to 263 K, there is almost no effect on the sulfide conversion and the sulfoxide selectivity values, but a very remarkable decline of enantiomeric excess was detected from 23 to 6 % (entries 5 and 6). This indicate that the decrease of the reaction temperature is not always a favorable factor for the improvement of the enantioselectivity.
The catalyst (Si-VO(salen)) was separated after the reaction, washed and re-used for a second time (entry 7). A remarkable decrease in the sulfide conversion, sulfoxide selectivity and enantioselectivity was observed. This can be explained by the blocking of the pores either by inactive V-oxo species formed during the catalytic process [30] or by some other insoluble side reaction products which after several washings could not be removed from the materials.
Conclusion
The VO(Schiff) complex was successfly grafted onto MCM-41 via a multi-grafting method. The formation and integrity of the complex have been studied by a variety of physico-chemical methods using the neat complex as a reference. Immobilized VO(Schiff) complex is efficient for the selective sulfide oxidation reaction, mainly with the use of CHP as oxidant, leading to a significant enantiomeric excess (17-23 %) . Compared to the neat complex, the catalytic studies revealed that anchoring of VO(Salen) complex on functionalized silica shows a slight improvement in enantioselective catalytic activity which is attributed to the support effect of the heterogenous catalyst. 
